Brief tones of 1.0 and 8.0 kHz were used to evoke auditory brainstem responses (ABRs), and the differences between the wave-V latencies for those two frequencies were used as a proxy for cochlear length. The tone bursts (8 ms in duration including 2-ms rise/fall times, and 82 dB in level) were, or were not, accompanied by a continuous, moderately intense noise band, highpass filtered immediately above the tone. The proxy values for length were compared with various measures of otoacoustic emissions (OAEs) obtained from the same ears. All the correlations were low, suggesting that cochlear length, as measured by this proxy at least, is not strongly related to the various group and individual differences that exist in OAEs. Female latencies did not differ across the menstrual cycle, and the proxy length measure exhibited no sex difference (either for menses females vs. males or midluteal females vs. males) when the highpass noises were used. However, when the subjects were partitioned into Whites and Non-Whites, a substantial sex difference in cochlear length did emerge for the White group, although the correlations with OAEs remained low. Head size was not highly correlated with any of the ABR measures.
Introduction
Otoacoustic emissions (OAEs) exhibit large individual differences even in people having nominally normal hearing (e.g., Bilger et al., 1990; Talmadge et al., 1993; Pasanen, 1998, 1999) . Even identical twins can differ considerably in their expression of OAEs (McFadden, 1993; McFadden and Loehlin, 1995; McFadden et al., 1996) . In addition, group differences are seen in the OAEs of various special populations of humansddifferences between the sexes, differences between same-sex and oppositesex twins, differences between heterosexuals and nonheterosexuals, and differences in boys having and not having attention-deficit hyperactivity disorder (for reviews, see McFadden, 2002 McFadden, , 2008 McFadden, , 2009 McFadden, , 2011 . The origins of these group and individual differences are not well understood, although there is strong circumstantial evidence that the degree of exposure to androgens during prenatal development is somehow inversely related to the expression of OAEs (e.g., McFadden, 2011) . OAEs, and other aspects of audition, also differ across racial groups (Russell, 1992; Whitehead et al., 1993; McFadden and Loehlin, 1995; McFadden and Wightman, 1983) , and these differences may be attributable to melanocyte density in the inner ear (McFadden and Wightman, 1983; Lin et al., 2012) . Greater knowledge about the origins of group, individual, and racial differences in OAEs has the potential to provide insight into the cochlear mechanisms that give rise to OAEs.
Over the years, a number of factors have been suggested as possible contributors to the group and individual differences that exist in OAEs. These include differences in the structure of the external ear, the functioning of the middle-ear system, the strength of the efferent supply, the size of the endocochlear potential, and the number and/or arrangement of the prestin molecules in the outer hair cells. Some of these various suggestions have been discussed recently (McFadden, 2009 (McFadden, , 2011 . Lonsbury-Martin et al. (1988) explored the possibility that structural anomalies in the organ of Corti could be linked to the pattern of OAEs in a single rhesus monkey.
One possible explanation for individual and group differences in OAEs is individual and group differences in cochlear length. Erixon et al. (2008) measured the anatomy of several dozen human cochleas obtained from cadavers and reported that the anatomical variation was substantial on several dimensions, including length. The individual differences in OAEs also are substantial (e.g., Bilger et al., 1990; Talmadge et al., 1993; Pasanen, 1998,1999) . Might these facts be related? Several lines of evidence support the possibility that at least one of the known group differences in OAEs e sex differences e might be attributable to differences in cochlear length. Measurements of various sorts suggest that the cochleas of human females are about 5e13% shorter than male cochleas (Don et al., 1993; Sato et al., 1991; Kimberley et al., 1993; Moulin and Kemp, 1996; Bowman et al., 2000) . (Unfortunately, Erixon et al., 2008 , did not report their cadaver data separately by sex.) The cochleas of human females also produce stronger click-evoked OAEs (CEOAEs) and stronger and more numerous spontaneous OAEs (SOAEs) than do the cochleas of human males (e.g., Bilger et al., 1990; Talmadge et al., 1993; Pasanen, 1998, 1999) . So, perhaps the individual and sex differences in cochlear length contribute to the individual and sex differences in OAEs. One way to think about this is: if individual cochleas have approximately equal numbers of those local inhomogeneities (perturbations) in impedance thought to underlie the intra-cochlear reflections that give rise to some forms of OAEs (e.g., Shera and Guinan, 1999) , then in shorter cochleas, the perturbations will be more densely packed, which ought to be tantamount to having fewer, but presumably larger perturbations, and thus stronger reflections. The validity of this particular interpretation is not crucial to the basic question, however. If cochlear length does contribute somehow to OAE expression, then measures of the two variables obtained from the same subjects ought to be strongly, and inversely, correlated. (Note that Miller (2007) was pessimistic that the sex difference in cochlear length could be significant for hearing.)
Several methods for obtaining indirect estimates of cochlear length have been proposed over the years (e.g., Schubert and Elpern, 1959; Zerlin, 1969; Dallos and Cheatham, 1971; Parker and Thornton, 1978; Kimberley et al., 1993; Moulin and Kemp, 1996; Bowman et al., 2000) . The method of greatest interest here was advanced in an elegant report by Don et al. (1993) . (Their method was a variant on a procedure originally used by Teas et al. (1962) while studying the whole-nerve action potential in guinea pigs.) The Don et al. procedure was to measure the latency to wave-V of the auditory brainstem response (ABR) evoked by a click stimulus in the presence of noises of various bandwidths. Specifically, the wave-V latency was measured with highpass noises having cutoff frequencies of about 8, 4, 2, 1, and 0.5 kHz. The purpose of the highpass noise was to prevent auditory fibers tuned to frequencies above the cutoff frequency of the noise from contributing to the synchronized neural response evoked by the click stimulus. As the traveling wave produced by the click propagated apically along the basilar membrane, the first location capable of producing a synchronized response (and thus a wave-V in the ABR) lay just apical to the cutoff frequency of the particular highpass noise present. The latency to the peak of wave-V should be systematically different for the various highpass noises, and the difference in the latencies for any two noise bands can be interpreted as an estimate of the time required for the click's traveling wave to propagate the additional cochlear distance from the region of the higher cutoff frequency to the region of the lower cutoff frequency. If the speed of the cochlear traveling wave is similar in short and long cochleas, then the difference in latency between two fixed frequency regions ought to be smaller in short cochleas than in long cochleas. Thus, the magnitude of the difference in wave-V latency across ears could be taken as a proxy for the cochlear distance between those two frequency regions. Here we will refer to the difference in wave-V latency for any two highpass noises as the two-frequency latency difference or 2FLD. Don et al. (1993) used the data from their version of the 2FLD to conclude that female cochleas are about 13% shorter than those of males. This outcome was particularly interesting because Sato et al. (1991) made direct measurements of cochleas from cadavers and concluded that female cochleas also were about 13% shorter than male cochleas (for a contrary view, see Miller, 2007) . These similar outcomes led us to attempt to measure relative travel time using ABRs in a sample of subjects already being tested for individual and sex differences in a collection of psychophysical tasks as well as in OAEs. The goal was to determine if an ABR-based proxy for cochlear length was correlated with the individual differences exhibited in OAEs. In hopes of getting evoked responses from more localized neural populations in the cochlea, we used tone bursts instead of clicks as stimuli. Specifically, we collected ABR data using tonal stimuli of 1.0 and 8.0 kHz in the presence of noise bands highpassed just above the frequencies of those tones. The expectation was that the 2FLD would be larger for males than for females, reflecting the (previously reported) greater cochlear length in males.
Actually, when this study was designed, our hope was that the tone-burst stimuli would produce usable latencies for both wave-I and wave-V of the ABR. Wave-I latencies are inherently more attractive for current purposes. It is intuitive that wave-I latencies should be more "pure" measures of propagation times along the cochlear partition than wave-V latencies because fewer synapses, neurons, and neural delays are involved. Also, we hoped that the menstrual cycle (see below) would affect wave-I latencies less than wave-V latencies. In the end, however, when the highpass noise was present, most subjects produced reliable, substantial responses only for wave-V. (Note that, theoretically, taking the difference in latency between the wave-V peaks evoked by the 1.0-and 8.0-kHz tones ought to remove the additional neural time delays and leave primarily the difference in propagation time of the traveling wave to the two locations along the cochlear partition.)
When designing this study, we were aware of the evidence showing that wave-V latency to click stimuli varies with the menstrual cycle (Elkind-Hirsch et al., 1992a , 1992b , 1994 . The direction of effect is that wave-V latency is longer (more male-like) during the pre-ovulatory phase (when estrogen levels are high) than during menses; wave-V latency is about the same during menses and the midluteal phase (when the levels of both estrogen and progesterone are their highest). Our expectation was that whatever factors are responsible for this menstrual effect on latency would operate approximately equally on the high-and lowfrequency auditory fibers, and, thus, that the 2FLD would be equally good as a proxy for cochlear length during any phase of the cycle. Data were collected from both the midluteal and menses phases of the cycle for all female subjects. At the time of planning this study, there still was considerable disagreement in the literature about using latencies to various OAE responses as measures of travel time from specific points along the cochlea (see Goodman et al., 2004; Siegel et al., 2005) , so no OAE latency measures were collected.
Initially the data were analyzed across all subjects tested, partitioned only by sex and menstrual cycle. When some other data obtained on these same subjects were analyzed separately by racial origin, some interesting differences were evident. Accordingly, these cochlear-length data also were reanalyzed separately by race, and several marked differences did emerge; those race differences are presented in Section 4 below.
Methods

Subjects
Data were collected from 47 females and 53 males, all of whom were students at The University of Texas, and all of whom were participants in a larger study of the relationships between OAEs and hearing ability. All subjects were screened for normal hearing sensitivity (15 dB Hearing Level or better) over the range of 0.25e8.0 kHz, and for normal middle-ear function. The average age was 21.0 years for both the females and males. Subjects were paid an hourly wage to participate daily in a psychophysical study that lasted between 6 and 10 weeks. During that time, OAEs and auditory evoked potentials (AEPs), including the ABR, also were measured, sometimes more than once. An additional seven females and eight males were tested, but, for differing reasons, their OAE or AEP data were incomplete. The above subjects all were heterosexual, as determined from a questionnaire containing several questions about sexual fantasies and past sexual behaviors. Data also were collected from 12 non-heterosexuals, five male and seven female, but they were excluded here Pasanen, 1998, 1999) . Females using oral contraception were excluded from the study (see below). Details of the ethnic and racial backgrounds of the subjects are provided in Section 4 below.
Procedures
For females, OAE and AEP data were collected only from the right ear and right side of the head; for males, both sides were tested. For the females, all of the AEP and OAE measurements were completed in a single test session of about 2.0e2.5 h duration. For the males, two sessions of about 1.5 h each were required. Only right-ear data are reported here. For all subjects, the sequence of measurements was AEPs (both ABR and middle-latency responses to click stimuli; neither reported here), ABRs using brief tonal stimuli (used to estimate the 2FLD proxy for cochlear length discussed here), SOAEs, distortion-product OAEs (DPOAEs), and CEOAEs.
Because birth-control medications are known to affect both AEPs and OAEs (see McFadden, 2000; Snihur and Hampson, 2012) , all of the female subjects hired for this study were normal-cycling. For the female subjects, attempts were made to obtain both AEP and OAE measures during both the midluteal and menses phases of the menstrual cycle. Information of various sorts was used to predict when each individual subject would be in the midluteal phase, and an AEP/OAE test session was conducted during that time. However, the data were finally accepted as being from the midluteal phase only after the onset of the next menses confirmed it. Specifically, to be included in the analyses, the AEP and OAE midluteal data had to be obtained between 12 days before and 3 days before the onset of the next menses. Accordingly, usable measurements sometimes were not obtained for both phases of the cycle for some subjects. However, for some subjects, data were obtained during both phases of more than one monthly cycle, and in those cases averages were used (see below). Menses AEP and OAE data were obtained during the first five days of a cycle.
The protocol for this study was approved in advance by the institutional review board at The University of Texas, Austin.
Tone-evoked ABRs
The physiological procedure used to obtain our proxy measure of cochlear length was a variant on similar procedures used in the past (Teas et al., 1962; Don et al., 1993) . Specifically, scalp electrodes were used to record wave-V of the ABR evoked by tone bursts of differing frequencies both with and without highpass filtered noise. Stimulus presentation and data collection were basically as described in McFadden et al. (2010) . Briefly, subjects were seated in a reclining chair inside a sound-treated room, four gold-plated surface electrodes were applied to standard locations on the scalp and earlobes [Cz(þ), A1 or A2(À), and Fz(ground)], acoustic stimuli were presented only to the right ear, and, for these cochlear-length measurements, only the waveforms obtained from the right earlobe and midline electrodes were analyzed.
The tone bursts were either 1.0 or 8.0 kHz; they were presented at a rate of about 19/s; their duration was 8 ms (including 2 ms rise and fall times, using a cos 2 gating envelope); their steady-state level was about 82 dB SPL. When used, the noise was present continuously during the test run; its bandwidth was about 1.1e15.0 kHz when used with the 1.0-kHz tone and about 8.8e15.0 kHz when used with the 8.0-kHz tone; its spectrum level was about 42.5 dB, corresponding to overall levels of about 84 and 82 dB, respectively. The spectrum level of the noise was attenuated by 10 dB at about 1.03 kHz and 8.7 kHz, respectively, and by 20 dB at about 0.9 kHz and 8.65 kHz, respectively. Again, the purpose of the noise was to prevent those neural fibers tuned to frequencies higher than the tone from contributing to the averaged neural response that constitutes the ABR. The choice of 1.0 and 8.0 kHz as the test frequencies was determined in part because we typically measure CEOAEs over the range of 1.0e5.0 kHz and SOAEs over the range of 1.0e9.0 kHz. Also, in pilot work, wave-V latencies with the highpass noise present did not shorten much for test tones above about 8.0 kHz.
The potentials recorded from the scalp electrodes were differentially amplified (gain ¼ 200,000) and band-pass filtered (filter rejection rate ¼ À6 dB/octave; pass band ¼ 0.1e3.0 kHz). The waveforms were digitized at a sampling rate of 50 kHz and with 16-bit precision. Trial-by-trial, the responses were examined and added to the accumulating average response only if they satisfied certain noise criteria. For each condition, for each subject, at least 2000 acceptable responses were used in the average response. Prior to analysis, LabView (National Instruments, Austin, TX) software was used to filter the averaged ABR waveforms to reduce electrical and stimulus artifact. A small plastic tube about 25 cm in length connected the earphone to the foam ear-tip fitted into the ear canal. At the time of data analysis, 0.9 ms was subtracted from all latencies in order to remove this acoustic delay and some propagation delay in the bioamplifiers from our measures.
When scoring ABR waveforms, experimenters necessarily use implicit or explicit knowledge about what the latencies of the various expected peaks should be. For some of the conditions of this study, the literature provided no assistance about the range of latencies to be expected. And indeed, the stimulus variables of tone frequency and presence/absence of the highpass noise, as well as the subject variable of sex all did have some effect on the wave-V latencies we observed. To provide the experimenter with some guidance when determining peak latencies, "templates" were compiled for each combination of variables by selecting a set of about a dozen waveforms with easily identified peaks and calculating the means and standard deviations of those sets of latencies. Then, likely "existence regions" were defined using the plus-andminus-one standard deviation values around each of those means, and all waveforms were subsequently scored with reference to those existence regions. If a peak having the characteristic morphology of wave-V was not present within the existence region (or reasonably nearby), or was perceived to be too noisy, that recording was discarded from analysis for that condition.
The 2FLD was calculated by taking the difference between a subject's latency to the wave-V peak produced by the 1.0-kHz tone and that subject's latency for the peak produced by the 8.0-kHz tone. Differences were calculated only when acceptable data for both test frequencies were obtained for that subject during that test session. For both sexes, there were instances in which the data obtained for one of the tones were suspect, and thus were discarded. However, for the summary statistics, all the acceptable data for each tone frequency were included (making for different Ns across conditions). When more than one test session was completed for a subject (e.g., for the menses or midluteal phase), the latency differences were calculated for each session and then averaged.
In an article that appeared after data collection for this study had begun, Ruggero and Temchin (2007) argued that ABR latency does not provide an accurate measure of the travel time of the cochlear traveling wave. One primary reason is that the sensory hair cells have varying latencies of response depending upon the strength of the acoustic stimulus, and this can introduce error into the proxy estimates of cochlear distance. While this clearly is correct, its relevance is minimal here for multiple reasons. First, the same (relatively strong) sound-pressure levels and rise-decay times were used for all subjects, meaning that the sensory-hair-cell latencies should have been approximately constant for all the relevant comparisons. Also, the interest here was not in the actual, true propagation times of the traveling wave to fixed locations along the basilar membrane (for comparisons across species, for example), but rather, in the difference between latencies (for constant stimuli). Finally, because our primary interest was in correlations between latencies and other physiological measures, it is the relative order of subjects that is most important, not the actual values of the measures being correlated. That said, we acknowledge again that our proxy for cochlear length is indirect and imperfect, and additional measurements and comparisons are necessary before final conclusions can be reached.
OAEs
Our procedures for measuring OAEs have been described elsewhere. For SOAEs and CEOAEs, see Pasanen (1998, 1999) ; for DPOAEs, see McFadden et al. (submitted for publication).
To measure SOAEs, we collected four 30-s segments of recordings from the ear canal, with a break of about 10 s between recordings. A 328-ms window was stepped through each recording, with successive window-segments overlapping 75%, and the rms value was calculated for each segment. Across all four recordings, the 150 segments having the lowest rms levels were selected, Fast Fourier transforms (FFTs; 16 k points using a Hanning window) were performed on each segment, and those power spectra were summed. This final, summed spectrum for each ear was processed using the algorithm described in Pasanen and McFadden (2000) to identify the frequencies and levels of the peaks that qualified as SOAEs. The final dependent variables for each ear were the number of SOAEs and the overall level of those SOAEs (called SOAE power as a reminder that the measure originated from the summed power spectrum of the sound in the ear canal).
To measure CEOAEs, a series of 100-ms, rarefaction clicks was presented at a rate of about 10 per second. Following each click, 50 ms of the cochlear response in the ear canal was recorded and added to the cumulative response for that block. The responses to at least 250 clicks were summed to create the averaged CEOAE waveform. The segment of the averaged response extending from 6 to 26 ms (measured from click onset) was passed through a digital band-pass filter, and the rms amplitude in the band from 1.0 to 5.0 kHz was converted to SPL and recorded as the CEOAE response for that ear.
Our standard procedure when collecting DPOAE data (see McFadden et al., submitted for publication) is to step a pair of equallevel primary tones over a range of frequencies (with the ratio of the primaries fixed at 1.21), obtain an input/output function at each of six frequency steps, and then create a composite input/output function using the median DPOAE level at each primary-tone level tested (as a way to reduce the effects of microstructure on our estimate of DPOAE strength over that range of primary frequencies). The composite function is fitted with a straight line over its linear range, and the primary level necessary to produce a DPOAE equal to À5 dB SPL is determined from the fitted line. The estimates used here for the correlations with 2FLD were those obtained for DPOAEs from 2.3 to 2.8 kHz (i.e., the higher-frequency primary tone ranged from about 3.4 to 4.2 kHz). This frequency range was selected for reasons unrelated to this study. Note that our measure of DPOAE strength is inversely related to our measures of SOAEs and CEOAEs; stronger DPOAEs mean that weaker primary tones can evoke them.
Analyses
Differences between groups or conditions are summarized here using effect sizes, and relationships between dependent variables are summarized using Pearson-product-moment correlations. Of primary interest were the correlations between the proxy measure of cochlear length (2FLD) and the various OAE measures obtained. Effect size was calculated as the difference between the means in the two conditions of interest divided by the square root of the weighted mean of the variances for the two conditions. Our standard practice is to calculate the numerator as females minus males. By convention, effect sizes of 0.2, 0.5, and 0.8 are taken as small, medium, and large differences, respectively (Cohen, 1992) , and also by convention, correlations of 0.1, 0.3, and 0.5 are taken as small, medium, and large effects (Cohen, 1992) . Here, however, we rely on resampling to assess how likely our outcomes were due to chance.
The general procedures for resampling were described elsewhere (McFadden et al., 2010) . Briefly, for each pair of variables compared by correlation, the value actually obtained for one of the measures was retained for all subjects, and all the values for the second measure were replaced by values achieved by other subjects in that same group. The latter values were (re)assigned at random and without replacement. That "resampled" correlation was calculated and stored, and the process of random assignment for the second variable was repeated 20,000 times. A tally was kept of how often the absolute value of the resampled correlation was equal to or larger than the absolute value of the corresponding actually obtained correlation for that comparison. Those tallies divided by 20,000 yield a proportion that we will call the implied significance value for the actual correlations obtained. A similar resampling procedure was implemented to assess the effect sizes obtained (see McFadden et al., 2010, for details) . Because the tallies were based only on the magnitude, not the sign, of the resampled correlations or resampled effect sizes, our implied significance values can be considered conservative ("two-tailed").
Results and discussion
3.1. Wave-V latencies to 1.0-and 8.0-kHz tones and the 2FLD Before examining the crucial 2FLD values, we will examine the measurements that were used to obtain those difference scores. The averages of the absolute latencies to the peak of wave-V are shown in the top half of Table 1 for the 1.0-and 8.0-kHz tones separately and for the average intra-subject differences between these measures (the 2FLD).
Consider first the data obtained with the 1.0-kHz tone. In accord with expectations, the males did have the longest mean latency. Contrary to expectations, the sex differences were small, and there was no real difference in latency for the two stages of the menstrual cycle (compare rows 2 and 3 of Table 1 ). Across subjects, the ranges of latencies for the 1.0-kHz tone with highpass noise present were 9.98e14.40, 10.55e13.74, and 10.87e13.78 for the males, menses females, and midluteal females, respectively. In the bottom half of Table 1 are the effect sizes for the various comparisons of interest. For the 1.0-kHz data, the effect sizes for the two ways to calculate a sex difference were both small-to-medium in magnitude (rows 4 and 5), and the resampling process revealed that neither effect size was so large as not to be frequently exceeded by random resamples of the data. The effect size for menstrual-cycle phase was essentially zero (row 6).
For the 8-kHz data, there was no evident sex difference and no evident menstrual effect. All the means were essentially the same (rows 1, 2, and 3), the two effect sizes for sex difference were essentially zero (rows 4 and 5), as was the effect size for cycle phase (row 6), and resampling revealed that none of the obtained effect sizes was rare. The ranges of latencies for the 8.0-kHz tone with highpass noise present were 7.58e9. 88, 8.20e9.52, and 8.36e9.75 for the males, menses females, and midluteal females, respectively.
Note that, for all three subject groups shown in Table 1 , the mean latency for the 1.0-kHz tone was substantially longer than that for the 8.0-kHz tone. The effect sizes (1.0 kHz minus 8.0 kHz) ranged from 4.2 to 6.5 across rows (1) to (3) of Table 1 . This supports the assumption that the two test tones did maximally activate different regions of the basilar membrane.
The 2FLD values are shown at the top right in Table 1 for the three subject groups of interest. Only subjects having usable data for both test frequencies were allowed to contribute to the entries in this column. The males did have larger 2FLD values than the females, but not substantially so. The effect sizes for the relevant comparisons (rows 4, 5, and 6) all were essentially zero, and resampling confirmed that the outcomes actually obtained were not rare. So, while the direction of the sex difference in 2FLD was generally in accord with the findings of Don et al. (1993) , Sato et al. (1991) , Moulin and Kemp (1996), and Miller (2007) , the differences were not significant. The implication is that either there is no sex difference in cochlear length or a 2FLD measure based on wave-V latencies is not an accurate measure of cochlear length. For comparison, the 2FLD values shown in Table 1 are quite similar to the mean latency differences reported by Don et al. (1993) over a similar frequency range.
The ranges of scores for 2FLD with highpass noise present were 0.94e5.16, 1.82e4.60, and 1.71e5.34 for the males, menses females, and midluteal females, respectively. Thus, the shortest estimates of cochlear length were about 60%e80% shorter than the longest estimates.
Note that if one were to try to estimate the length of the cochlea using only wave-V latency for the 1.0-kHz tone (rather than the 2FLD), then the present results would fall more into accord with expectations. The absolute latency for 1.0 kHz was longer for the males than for the females. Even so, however, those sex differences were small, and did not reach an implied significance level of 0.05 during resampling.
Latencies without the highpass noises
To check the assumption that the highpass noise bands reduced or eliminated the contribution of high-frequency neurons to the ABR response, latency data also were collected for the 1.0-and 8.0-kHz tone bursts without the highpass noises present. The assumption was confirmed. The patterns of the results were generally similar with and without the highpass noises, but the absolute values of the latencies were uniformly shorter without the noise for both tones (compare rows 1e3 in Table 2 with those in Table 1 ). This suggests that neurons located basal to the point of maximal effect (the characteristic place) for that tone also were contributing to the latency when the noise was absent. The latencies for the 1.0-and 8.0-kHz tones without the highpass noise averaged, respectively, about 1.8 and 0.5 ms shorter than with the noise. Burkard and Hecox (1983) also found that noise was effective at eliminating the contribution to latency measures from highfrequency regions of the cochlea.
Note that the effect sizes for the sex differences for the 2FLD values obtained without the highpass noises present were just as small as those obtained with the highpass noises present (bottom right in Tables 2and 1) . However, when the highpass noises were Table 2 (Top) Ns, means, and standard errors (in parentheses) for the latencies to wave-V peak in the ABR for the various groups of subjects (rows 1e3), and (bottom) effect sizes for the differences between groups and conditions (rows 4e6) e all when highpass noises were not used with the tonal stimuli. 2FLD ¼ two-frequency latency difference (the proxy measure for cochlear length). The 2FLD column is based only on those subjects who provided a latency for both 1.0-and 8.0-kHz tones in the same test session.
Row (6) is based only on those subjects who provided a latency for both menses and midluteal phases of the menstrual cycle. Stimuli presented to right ear, and ABRs recorded from right hemisphere.
Resampling revealed that no effect size achieved implied statistical significance.
absent (Table 2) , the sex differences for the latencies to the individual tone frequencies were considerably larger than when the highpass noises were present (Table 1 ). The reason is: for the 8-kHz tone burst, the latency for females was about 0.6 ms faster without the highpass noise than with it, whereas for males that latency was only about 0.3 ms faster. Apparently, the highpass noise was more effective in females than in males at eliminating activity from neural elements tuned to frequencies above 8 kHz. Resampling revealed that the effect sizes for sex difference in Table 2 were somewhat rare for the 1.0-kHz data and extremely rare for the 8.0-kHz data. For all tables here, superscripts on the effect sizes designate the implied significance levels obtained during resampling. Across subjects, the ranges of scores for the 1.0-kHz tone without highpass noise present were 9.08e12.50, 9.34e11.66, and 9.42e11.54 for the males, menses females, and midluteal females, respectively. The ranges of scores for the 8.0-kHz tone without highpass noise present were 8.06e9.28, 7.87e8.78, and 7.82e8.88 for the males, menses females, and midluteal females, respectively. The ranges of scores for 2FLD without highpass noise present were 0.70e3.68, 1.03e3.00, and 0.78e3.20 for the males, menses females, and midluteal females, respectively.
Head size and wave-V latency
A concern when one studies AEP latencies is that any group or individual differences observed might be attributable to differences in head size. Physical distances, and thus, propagation times, will be shorter in smaller brains than in larger brains. In the past, other investigators have demonstrated that head size is not the sole factor in the sex differences typically seen in ABR measures (e.g., Don et al., 1993; Trune et al., 1988; McMinn, 2002) , but the variable of head size still needed to be considered for this study. Accordingly, head size was obtained for all subjects using a cloth tape measure with gradations in millimeters. In accord with standard procedures in physical anthropology (Dr. Randall Susman, SUNY Stony Brook, personal communication, 2 July 2005), the plane of measurement for circumference was above the ears and through the glabella on the forehead and the external occipital protuberance (inion) at the back of the skull. In addition, the tape was used to measure the distances from left tragus to right tragus and from nasion-to-inion, both over the top of the head.
The expectations based on past research were confirmed. First, there were sex differences for all three measures of head size. The smallest difference was for circumference, which averaged 55.5 cm for females and 56.0 cm for males; the effect size for this sex difference was À0.32. The next largest sex difference was for the distance from tragus to tragus, which averaged 35.5 cm for females and 37.5 cm for males; the effect size for this sex difference was À1.23. The largest sex difference was for the distance from nasion-to-inion, which averaged 32.6 cm for females and 35.3 cm for males, the effect size for this sex difference was À1.39. Resampling revealed that the effect size for circumference did not achieve implied significance and the other two effect sizes were significant beyond the 0.05 level.
Second, the correlations between the various measures of head size and wave-V latency were small (and non-significant under resampling), revealing that the small sex differences in latency shown in Tables 1and 2 were not simply attributable to the sex difference in head size. Some representative correlations between head size and the various latency measures are shown in Table 3 ; these values are for the nasion-to-inion measure (because it showed the largest effect size), but the magnitudes of the correlations were similarly small for all three measures of head size. The majority of the correlations between head size and the various measures of OAE (not shown) also were small; a few were in the range of 0.2e0.3, but during resampling none achieved implied significance.
Correlations between 2FLD and OAEs
The primary question motivating this study was: Does cochlear length account for some of the individual differences that exist in OAE expression? Specifically, are any of the OAE measures strongly correlated with our 2FLD measure? During the same test sessions that ABRs were measured using tonal stimuli, ABRs and MLRs also were obtained using click stimuli; SOAEs, CEOAEs, and DPOAEs also were measured (in the same session for the females and in a separate session for the males). In order to determine how some of those measures covaried, correlations were calculated for the pairwise comparisons of interest. Because the 2FLD measures were obtained only for the right ear, only the right-ear data for the other measures were used for these correlations. Also, for the females, all the correlations shown represent comparisons between measures obtained during the same phase of the menstrual cycle. That is, all correlations are within-ear (for both sexes) and within-cycle (for the female subjects). For completeness, correlations were calculated using the 2FLD estimates obtained when the highpass noises were present and when they were not (recall that the estimates obtained with and without the noises exhibited slightly different patterns of results e compare Tables 1and 2.) All those correlations are shown in Table 4 .
Although the patterns of results were not the same across the three subject groups, the basic finding was that our proxy for cochlear length was not strongly correlated with any of the OAE measures. When the highpass noise was present along with the tone (the top half of Table 4), the correlations between 2FLD and SOAE number (first column) were significant or marginally significant for two of the three subject groups, but not for the third, and the correlation between 2FLD and CEOAE strength was significant for the midluteal females but not for the other two groups. When no highpass noise was present (bottom half of Table 4), the correlation between 2FLD and SOAE power was marginally significant for the midluteal females but not for the other two groups, and under resampling, none of the other correlations between 2FLD and OAEs approached implied significance. In general, the correlations were larger for the conditions with the highpass noise than for those without the noise. Table 3 Correlations between head size (nasion-to-inion) and the indicated ABR measures both with and without the highpass noise.
Wave-V Latency
Nasion-to-inion distance vs. If 2FLD is a true proxy for cochlear length, then it appears safe to conclude that cochlear length is not a prime contributor to the large individual differences that exist in the expression of OAEs (e.g., Bilger et al., 1990; Talmadge et al., 1993; Pasanen, 1998, 1999) . As evidence, one of the largest correlations in the top half of Table 4 was between 2FLD and CEOAE strength for the midluteal females, but that same correlation was essentially zero when those same subjects were in menses. Changes in cochlear length are not likely to be the explanation for this intra-subject difference in correlation magnitude. Also note that the magnitudes of the correlations with DPOAE strength were not evidently different from those for the other OAE measures even though DPOAEs are commonly believed to result from cochlear mechanisms different from those responsible for the other forms of OAE (Shera and Guinan, 1999) . (Note again that the sign of any correlations with DPOAEs is expected to be opposite to the sign of similar correlations with SOAEs and CEOAEs because strong DPOAEs mean that weak primary tones can evoke them.)
Correlations between 2FLD and the various measures shown in Table 4 also were calculated after pooling the males with the menses females and the males with the midluteal females. Had there been substantial sex differences, these correlations could have been larger than those shown in Table 4 . However, in accord with the absence of substantial sex differences, those pooled correlations were very much like what already is shown in Table 4 , so they were omitted as being non-informative.
The 2FLD measure is a difference score, so it can vary when either contributing measure varies. Perhaps a better proxy for cochlear length would have been simply the wave-V latency for the 1.0-kHz tone plus highpass noise? Not so, however. The correlations between that measure and OAEs were just as small as those in Table 4 , and, under resampling, none reached an implied significance level of 0.05 for any subject group.
At the far right in Table 4 are the correlations between the 2FLDs with or without the highpass noise and the two latencies that were used for the 2FLD calculation. As can be seen, the correlations between 2FLD and the latency to the wave-V peak evoked by the 1.0-kHz tone were uniformly high and highly significant under resampling, while the parallel correlations with the latency for the 8.0-kHz tone were generally weak. Not shown in Table 4 are the correlations between latency for the 1.0-kHz tone and latency for the 8.0-kHz tone; those ranged from about 0.21 to 0.38 across the two noise conditions and the three subject groups.
As noted, more-standard ABR responses also were obtained from all our subjects using a click stimulus (with no highpass noises, of course). For completeness here, we note that the wave-V latencies obtained with the click stimulus were generally better correlated with the latencies for the 1.0-kHz, 8.0-kHz, and 2FLD conditions when the highpass noises were not used than when they were used. Those correlations also were stronger for the 1.0-kHz tone than for the 8.0-kHz tone and stronger for the males than for the females. Although we have no explanation for the sex difference, the first two facts make good sense. The latencies ought to be more similar when no highpass noise is presented with the test stimulus, and the latencies also ought to be more similar for stimuli that both displace substantial segments of the basilar membrane.
Additional observations
Partitioning the subjects by race
After the above analyses were completed, some other data collected on these same subjects were found to contain differences depending upon the subjects' racial origins. That raised the question of whether the cochlear-length analyses also might differ by race, and when the necessary additional analyses were performed, the answer was "yes, to some extent." Ordinarily, we would implement a prospective, follow-up study to verify such outcomes by increasing the Ns, but this lab is closing down, so any follow-up work will have to be done by others. Because we want to alert the auditory community to the possible importance of this variable, the outcomes of our analyses by race are reported here, but with the reminder that they must be interpreted with great caution because of the small Ns involved. These results are suggestive only, not definitive. Note that the primary conclusion from the analyses already presented was not contradicted by the break-down of subjects by racial origin; our proxy measure for cochlear length still did not co-vary strongly with standard measures of OAEs.
As part of our compliance with the regulations of the National Institutes of Health, our questionnaires include NIH's standard twoquestion item on race and ethnicity. The two NIH questions are: 1. Table 4 Correlations between 2FLD ("cochlear length") and the various indicated OAE and AEP measures as obtained using the tonal stimuli with (top) and without (bottom) the highpass noises. race; Other or Unknown (please specify if known). All subjects answering "White" on question 2 were categorized as such, and all subjects choosing any other category on question 2 were categorized as Non-White, no matter what their response to question 1. Three subjects answered yes on question 1, and did not answer question 2; they were categorized as Non-White (on the reasonable assumptionefor Texasethat they also would have answered Hispanic on question 2 had that response been an option). The tallies for the various response categories are shown in Table 5 .
Note that we did not analyze the seemingly large group of Asians as a separate category because we knew from observation that this was a racially heterogeneous group of east Asians (Chinese, Japanese, Vietnamese, Koreans) and south Asians (Indians, Pakistanis, Sri Lankans) which we had no way to partition using the NIH questions. Whitehead et al. (1993) intentionally included only blue-eyed subjects in their White category. Our groups contained only 5 White females. 8 White males, and 1 Non-White female having blue or light green eyes.
The summary statistics for the various ABR conditions of interest are shown separately for the two racial groups in the top sections of Table 6 , for the conditions in which the highpass noises were used (so the contents of Table 6 are similar to those in the top half of Table 1 ). Viewed this way, the most evident difference between the two racial groups was for the males; the mean 2FLD was smaller for the Non-White males than for the White males (row 4 vs. row 1). Indeed, for the Non-White group, the mean 2FLD for males was smaller than the mean for females, which is the opposite direction of the sex difference seen for both the White Subjects and when the subjects are pooled.
At the bottom of Table 6 , effect sizes are shown for the differences between the two racial groups for each of the three conditions of interest: 1.0-kHz test tone, 8.0-kHz test tone, and the 2FLD. For example, row (7) contains the effect sizes (and Ns) for the differences between the two male groups shown in rows (1) and (4). These effect sizes confirm the observation noted above that the greatest race differences were for the males; across conditions, the mean latencies were invariably longer for the White males than for the Non-White males. By comparison, for the females, the race differences varied in magnitude and sign across the comparisons made. This interaction between race and sex makes it difficult to generate a simple explanation for the pattern of results obtained. Not shown, but important in this context, is the fact that there were no race differences in the expression of OAEs; most of those effect sizes were 0.2 and smaller, and resampling confirmed that all were non-significant.
Because of the larger race difference for males than for females, the pattern of sex differences was not the same within the White and Non-White groups. Fig. 1 shows the effect sizes for the sex differences in the Wave-V latencies for the 1.0-and 8.0-kHz tones and for the resulting 2FLDs. Three sets of effect sizes are shown [All Subjects pooled (the values also shown at the bottom of Table 1) , White Subjects only, and Non-White Subjects only], and within each set, two effect sizes are shown for each condition (menses females minus males and midluteal females minus males). As can be seen, the magnitudes of nearly all those effect sizes were substantially larger for the White group than for the All-Subjects or Non-White groups. Also, the direction of the sex difference (the sign of the effect size) was the same for the All-Subjects and White groups, but it was reversed for the Non-White subjects. As shown in Fig. 1 , resampling revealed that all but one of the sex differences shown for the White group had small implied probabilities of being attributable to chance. By comparison, none of the sex differences for the All-Subjects or Non-White groups even approached implied significance.
When the data obtained without the highpass noises present also were partitioned by race, the same general pattern was observed as in Table 6 and Fig. 1 , but all the effects were attenuated. That is, the differences between the races were smaller than in Table 6 , and the effect sizes for sex difference in the White group were smaller than those shown in Fig. 1 , and thus less different from the corresponding effect sizes for the All-Subjects and Non-White groups. So, this curious interaction between race and sex apparently is most obvious when the auditory stimuli activate relatively narrow regions of the cochlea.
Another notable outcome obtained after partitioning the subjects by race is that all the menstrual differences summarized for the All-Subject group in row 6 of Table 1 (for the conditions with highpass noise) were substantially larger for the White subjects than for either the All-Subject or Non-White groups. As rows (2) and (3) of Table 6 reveal, during the midluteal phase of the menstrual cycle for the White females, the mean latency was shifted in the male direction for the 8.0-kHz tone and in the female direction for the 2FLD measure. The effect sizes for these menstrual differences (midluteal minus menses) were þ1.1 and À0.99 for the 8.0-kHz and 2FLD conditions, respectively; resampling revealed that these effect sizes had implied significance values of 0.006 and 0.02, respectively. No other menstrual comparison for any group or stimulus condition achieved implied significance. We emphasize that only 12 White females contributed to these menstrual analyses.
Correlations between 2FLD and OAEs: white subjects only
Next, there is the question of whether and how the correlations between 2FLD and the various measures of OAEs differ when the correlations are calculated separately within the two racial groups instead of for the pooled data. The answer is that the correlations for the Non-White subjects were quite similar to those obtained for the pooled subjects ( Table 4 ), and that some of the correlations for the White subjects were higher than those obtained for the pooled subjects. The most striking example was the correlations between DPOAE strength and 2FLD when the highpass noises were present: For the Non-White group, those correlations were quite similar to the values shown in the top half of Table 4 , but for the White group, those correlations jumped to À0.7, À0.2, and þ0.4 for the male, menses female, and midluteal female groups, respectively. Although unquestionably intriguing, these larger correlations do need to be interpreted with caution. Until follow-up research is done, the prudent decision still appears to be that individual differences in our proxy measure of cochlear length are not strongly related to the individual differences in OAE expression. 
Comments
Our race dichotomy clearly is imperfect for those interested in the mechanisms underlying any differences by race, but we regard it to be a defensible first step given the existing constraints. At the outset of the study, there was no intention of analyzing the results by racial origin, all recruitment and selection of subjects was done without regard to race, and the only race information collected was the two NIH items. All subjects were volunteers, and the final distribution of subjects across categories surely was the result of a number of unknown and uncontrolled variables. In defense of our dichotomy, we have two comments: the preponderance of past research on sex differences in audition (e.g., see McFadden, 1998) was done by researchers who had access primarily to White subjects, so it makes sense for us to have White as one of our categories. Also, having more than two categories would stretch the current Ns even thinner than they are. (We know from observation that the relatively large category of Asians in Table 5 was in fact Fig. 1 . Effect sizes (females minus males) for the sex differences in wave-V latencies in the three conditions of interest when obtaining a proxy estimate of cochlear length using highpass noises. Data are shown separately for All Subjects pooled, Whites Only, and Non-Whites Only. For ease of comparison, the effect sizes for All Subjects pooled have been repeated from the bottom half of Table 1 . Alphabetical labels indicate the magnitudes of the implied significance levels obtained during resampling. Table 6 (Top) Ns, means, and standard errors (in parentheses) for the latencies (in ms) to wave-V peak in the ABR for the subjects in the various groups, shown separately for the White (rows 1e3) and Non-White subjects (rows 4e6), and (bottom) effect sizes for the various differences between races e all when highpass noises were used with the tonal stimuli. a racially heterogeneous mix of subjects having origins in east or south Asia, so we did not analyze them separate from other NonWhites.) Given the limitations of the existing data set, our outcomes about race must be interpreted as preliminary only; follow-up studies having intentional recruitment of different races are necessary to determine the reliability of our findings.
Note that the existence of race differences in a data set of this sort is not totally unexpected. There is abundant evidence suggesting that race (probably more specifically, degree of skin pigmentation) can affect hearing. Much of the evidence was summarized in McFadden and Wightman (1983) and Lin et al. (2012) and references for the following facts can be found there: People with highly pigmented skin (and, by implication, more intra-cochlear melanocytes) apparently have better hearing sensitivity, more SOAEs, and greater resistance to noise exposure than do people with less heavily pigmented skin; human albinos are especially susceptible to noise exposure; many ototoxic drugs bind to the intra-cochlear melanocytes; several inherited forms of hearing loss also involve pigmentation anomalies. To this list now can be added the present interaction between race and sex differences in ABR latency.
Discussion
As expected from numerous facts, including the work of Don et al. (1993) , the latencies to the wave-V peaks produced by the 1.0-kHz tone were longer than those produced by the 8.0-kHz tone, and this was true for all groups studied. The most obvious explanation is that travel time along the basilar membrane is longer to the characteristic place for the lower frequency tone than to the characteristic place for the higher-frequency tone. If this interpretation is correct, then we have confirmation of one of the assumptions underlying our 2FLD measure. Beyond that, summarizing the outcomes of this paper is complicated by the interesting, but only preliminary, finding of different patterns of results for subjects of different racial origins. The magnitudes of several of those race differences were substantial, primarily for the males (see the bottom of Table 6 ).
All the analyses do suggest that the answer to the primary question motivating this research is that individual differences in cochlear length do not appear to be a major contributor to the individual differences in OAE strength. The principal evidence is the weak correlations of the various OAE measures with the 2FLD calculated from the data collected when the highpass noises were present (top half of Table 4 ). For the All-Subjects group, none of those correlations was larger than about 0.35, and those that did rise to this level were not part of a consistent pattern across the three subject types. When the data were partitioned by racial background, the White subjects did show correlations higher than those in Table 4 , but those comparisons are less trustworthy because of the smaller Ns. Accordingly, it appears that an explanation other than cochlear length is necessary to account for the sex, group, and individual differences that exist in OAEs. One caveat about this conclusion is the possibility that our proxy measure of cochlear length is flawed conceptually, and the weak correlations with OAEs are attributable to that flaw rather than to a true absence of a relationship. (For one example, perhaps the highpass noises were not, in every case, sufficient to eliminate all contributions to wave-V latency from cochlear regions basal to the characteristic places of interest.)
Other outcomes that were the same whether the analyses were done within the two racial groups or with the data pooled were: (1) The latencies for both the 1.0-and 8.0-kHz tonal stimuli were substantially longer when the highpass noise was present than when it was not present (compare Tables 1and 2) , and this was true for both of the race groups as well as for the pooled data. Thus, a basic assumption underlying the methodology was confirmed; namely, the highpass noises apparently did eliminate contributions to wave-V latency from cochlear regions lying basal to the characteristic place for the tone being used. (2) Three different measures of head size were not correlated either with the raw latencies for 1.0 and 8.0 kHz or with 2FLD (in accord with Don et al., 1993; Trune et al., 1988; McMinn, 2002) . Whatever the bases for the latency differences, simple physical size was not a major contributor either within or across the two racial groups.
The outcomes that did differ when the analyses were done separately by race instead of on the pooled data were: (1) For the All-Subjects group, there was essentially no sex difference in 2FLD, either with or without the highpass noise present (far right column in Tables 1and 2) . This is contrary to Don et al. (1993) who used click stimuli, and contrary to the analyses by Miller (2007) . However, for the White-Subjects group, the females did exhibit substantially smaller 2FLDs than the males, just as Don et al. had reported, and this sex difference was larger when the highpass noises were used ( Fig. 1 and Table 6 ). For the conditions having highpass noise present, the 2FLDs of the White females were about 16% and 28% smaller than those of the males when the females were in menses and midluteal phase, respectively; the mean difference was about 22%. These percentage differences are larger than the sex differences of about 13% reported by both Don et al. (1993) and Sato et al. (1991) and the 8% by Kimberley et al. (1993) . (2) For the raw wave-V latencies that constitute the 2FLD, the 1.0-kHz condition exhibited a small sex difference for the All-Subjects group that grew to a substantial sex difference in the White-Subjects group (see Fig. 1 ). For the 8.0-kHz condition, the trend was the same, but not for all groups. (3) For the All-Subjects group, there were essentially no latency differences between the two phases of the menstrual cycle measured, menses and midluteal. This result is in accord with the findings of Elkind-Hirsch et al. (1992a , 1992b , 1994 , who used click stimuli; also see McFadden (1998 McFadden ( , 2000 . However, in the WhiteFemales group, the wave-V latencies were substantially longer (more male-like) in the midluteal phase than during menses. Although menstrual differences in the auditory system have been reported previously (among subjects who likely were largely or entirely white; see McFadden, 1998 McFadden, , 2000 , the typical direction of effect has been more male-like during menses, not during the midluteal phase as here.
In passing, we mention some interesting facts about cochlear length. Bohne and Carr (1979) observed that, in chinchillas at least, longer cochleas do not necessarily have additional fractions of a turn added to their spiral course. Rather, (some) longer cochleas simply have a greater radius from the modiolus at each successive turn of the spiral (i.e,, the "cone" of the spiral helix has a larger base). Also, local hair-cell densities can be slightly smaller in longer cochleas, but even so, longer cochleas can have more sensory cells total than short cochleas (again, in chinchilla; Bohne and Carr, 1979) . Finally, many structural details of the cochlea, including length, are highly similar bilaterally (Bohne et al., 1986 ).
As noted above, although the results of this study diminish the likelihood that cochlear length plays a major role in the sex, group, and individual differences that exist in the expression of OAEs, they cannot be taken as the final word. One reason is that the 2FLD is an indirect measure of cochlear length that is dependent upon a number of assumptions about cochlear and neural function, and the relationships may be more complex than we have assumed. With modified experimental procedures, wave-I of the ABR ought to be usable to estimate a 2FLD that arises from a stage of processing "closer" to cochlear mechanics than is possible with wave-V. Alternatively, suitable OAE measures of latency might be used (see Moulin and Kemp, 1996; Bowman et al., 2000; Goodman et al., 
